Abstract. A major observed and predicted impact of climate change on marine species is the poleward shift in their distributions and the resulting changes in community structure. Here, we used a Dynamic Bioclimate Envelope Model to project range shift of exploited marine fishes and invertebrates in Western Australia. We combined published data and expert knowledge to predict current species distributions for 30 tropical, sub-tropical and temperate species that occur along the coast of Western Australia. Using outputs from both a Regional Oceanographic Model and a Global Circulation Model, we simulated change in the distribution of each species. Our study shows that under the SRES (Special Report for Emission Scenarios) A1B scenario, the median rate of distribution shift is around 19 km decade À1 towards higher latitudes and 9 m deeper decade À1 by 2055 relative to 2005. As a result, species gains and losses are expected along the south coast and north coast of Western Australia, respectively. Also, the coast of Western Australia is expected to experience a 'tropicalisation' of the marine community in the future, with increasing dominance of warmer-water species. Such changes in species assemblages may have large ecological and socio-economic implications through shifts in fishing grounds and unexpected trophic effects.
Introduction
Anthropogenic climate change is modifying oceanographic conditions more rapidly than ever before. With substantial increase in the heat content of the ocean, the world's oceans have warmed substantially on average since 1955, with regional variations (Belkin 2009 ); this increase is likely to be more rapid in the future (IPCC 2007) . Other major oceanographic effects of increased anthropogenic CO 2 emissions include changes in salinity, reduction in sea-ice extent, shifts in ocean currents (IPCC 2007) , acidification (Doney et al. 2009 ) and expansion of oxygen minimum zones (Stramma et al. 2008) . In Australia, average surface temperature has increased by more than 0.78C since 1910, which is consistent with the global trend (Collins 2000) . Recent evidence suggests that warming is occurring faster than the global average along the west coast of Australia (Pearce and Feng 2007) , with the lower west coast of Australia being the area with the greatest increase in sea surface temperature (SST) in the Indian Ocean (0.028C year À1 ) over the last 50 years (Pearce and Feng 2007) , and a higher rate of increase in autumn-winter temperatures (Caputi et al. 2009) .
The above types of changes in oceanographic conditions have caused considerable modifications to the biology and ecology of marine species (Perry et al. 2005; Richardson 2008; Cheung et al. 2009 ). Shifts in distribution of marine populations are the most commonly reported changes in relation to shifting oceanographic conditions (Perry et al. 2005; Dulvy et al. 2008) . For instance, nearly two-thirds of exploited marine fishes in the North Sea shifted in mean latitude or depth or both over 25 years as sea temperature increased (Perry et al. 2005; Dulvy et al. 2008) . In Australia, 45 marine species off the southeastern coast (around Tasmania) were found to display major shifts in distribution from the late 1800s to the present, which may be linked to climate change (Pitt et al. 2010; Last et al. 2011) . The distribution of the sea urchin Centrostephanus rodgersii shifted from the south of mainland Australia to Tasmania, a phenomenon also interpreted as climate change related (Ling et al. 2009) .
Projections from models suggest that distributions of marine fish and shellfish will continue to shift in the coming decades (Cheung et al. 2009; Hobday 2010) . Using the 'dynamic bioclimate envelope model' (Cheung et al. 2008b) , Cheung et al. (2009) examined the potential global shift in distribution of 1066 exploited marine fish and shellfishes. This model simulates changes in habitat suitability, larval transport, adult migration and population growth of marine animals as modified by ocean conditions predicted by global circulation model (Cheung et al. 2008b) . Cheung et al. (2009) found that species distributions are projected to shift towards the pole at an average rate of around 40 km decade
À1
. These projected shifts in distribution are likely to result in high rates of species invasion in the high-latitude regions and local extinctions along the tropics and in semi-enclosed seas. This is consistent with regional projections for 14 species of pelagic fishes (tunas and billfishes) off the coast of Australia which suggests that distributions of these species would shift southward by year 2050 at an average rate of 40 km decade À1 (Hobday 2010) . There is much interest in understanding the potential impacts of climate change on fish populations in Western Australia so that marine conservation and fisheries management plans that are adaptive to climate change can be developed (Cheung et al. 2011a) . Geographically, Western Australia extends from 158S to 358S, bordering the Indian Ocean in the west and the Southern Ocean in the south. Fish assemblages along the coast of Western Australia are heavily influenced by the Leeuwin Current (Ayvazian and Hyndes 1995) and there is a continuum of tropical to temperate fish communities from north to south (Hutchins 1994) . The Western Australian coast is generally oligotrophic and its subtropical and temperate fish communities are characterised by high diversity, low abundance and endemism. Changes in distribution of marine species may affect the vulnerability of marine species to human impacts (e.g. through increase in range overlap between by-catch and targeted species under climate change) and the effectiveness of marine spatial planning. Potential climate-induced impacts on commercially valuable species such as the Western rock lobster (Panulirus cygnus), Australia's most valuable single species wild capture fishery, are also of significant interest. For instance, an empirical study suggests that Western rock lobster has shown a decline in size at maturity and size of migrating lobsters from shallow to deep water, with an increase in abundance of lobsters in deep water relative to shallow water and shifts in catch to deep water that may be related to oceanographic changes (Caputi et al. 2010) .
To understand the potential effects of climate change on the Western Australian marine fish communities it is important to incorporate species and physical dynamics that are regionally representative. Cheung et al. (2011a) proposed that such regional analysis could be conducted by incorporating locally important ecological and physical dynamics into a previously tested global model. This involves examination of regionally important species, use of outputs from regional oceanographic models and incorporation of local expert knowledge to improve regional representation of species distributions (Jones et al. 2012) .
In this study, we examined the effects of climate change on marine fish and invertebrate distributions along the Western Australian coast. The hypothesis was that species distributions would be projected to shift southward, with distribution extension along the south coast and distribution contraction along the north coast. This would then result in the increased dominance of tropical or subtropical communities along the coast. We used a simulation model to project changes in distribution of 30 exploited fish and invertebrates by 2055 to test the above hypothesis. We also examined the sensitivity of our projections to oceanographic forcing from regional and global models. Here we discuss the implications of such changes for marine conservation planning and fisheries management.
Materials and methods

Sample of species and their current distributions
This study focuses on a sample of 30 tropical, subtropical and temperate marine species, including 23 species of fishes and seven species of invertebrates occurring in Western Australia (Table 1) . These are commercially important species in the region, of which several are endemic to Australia. Exploited species were chosen as they are generally abundant and better studied, with more available biological and distributional data, as well as being of socio-economic importance.
The current distributions of these 30 focal species, representing the average pattern of relative abundance in recent decades (i.e. 1980-2000) , were produced using an algorithm developed by the Sea Around Us Project (Close et al. 2006) . This algorithm predicts probability of occurrence of a species on a 30 0 latitude Â 30 0 longitude grid based on the species' depth range, latitudinal range and polygons encompassing their known occurrence regions. The distributions were further refined by assigning habitat preferences to each species, such as affinity to shelf (inner, outer), estuaries and coral reefs. Such information was initially obtained from FishBase (www.fishbase.org, accessed 3 May 2011) for fish and SeaLifeBase for other taxa (www.sealifebase.org, accessed 3 May 2011). We presented the first iteration of the distribution maps generated from the above algorithm to scientists with expert knowledge on the focal species, and asked them to comment on the accuracy of the predicted distribution maps by correcting the input distributional data (e.g. latitudinal range, depth limits and associated habitats), identifying regional important habitat types that we did not include initially (e.g. limestone reefs) and drawing possible range boundaries. We then revised the input parameters and data and generated a revised set of predicted distribution maps. The experts were asked to review the maps again and these assessments were used to generate a final set of distribution maps for the simulation model.
Projecting change in species distributions
Using the dynamic bioclimate envelope model, we projected changes in distribution of the 30 species of fishes and invertebrates under different climate change scenarios. The modelled species' preferences for environmental conditions were defined by sea water temperature (bottom and surface), salinity and habitat types (coral reef, estuaries, limestone reefs). Suitability, represented by the relative density of the species under environmental conditions and by habitat type, was calculated by overlaying environmental data with maps of relative abundance of the species.
Species' environmental preferences were linked to the expected carrying capacity in a population dynamics model in which growth, mortality and spatial dynamics of adult movement and larval dispersal along ocean currents were explicitly represented (Cheung et al. 2008b (Cheung et al. , 2009 . The model simulated changes in relative abundance of a species by:
where A i is the relative abundance of a 30 0 Â 30 0 cell i, G is the intrinsic population growth and L ji and I ji are settled larvae and net migrated adults from surrounding cells j respectively. Population growth is modelled by a logistic equation:
where r is the intrinsic rate of population increase, and A i and KC i are the relative abundance and population carrying capacity at cell i, respectively. The model assumes that carrying capacity varies positively with habitat suitability of each spatial cell and habitat suitability is dependent on the species' preference profiles to the environmental conditions (e.g. temperature) in each cell. Parameter values of r were obtained from the published literature, FishBase, SealifeBase or personal communications with local experts on the focal species. The distance and direction of larval dispersal are a function of the predicted pelagic larval duration estimated based on an empirical equation (O'Connor et al. 2007) . The model calculates dispersal of pelagic larvae over time through diffusion and advection as these are important factors determining dispersal of pelagic larvae of marine organisms (Gaines et al. 2003) . The temporal and spatial patterns of pelagic larval dispersal were modelled by a two-dimensional advection-diffusion equation (Sibert et al. 1999; Gaylord and Gaines 2000) :
where change in relative larvae abundance over time (@Lav/@t) is determined by diffusion (i.e. the first two terms on the righthand side of Eqn 3) and current-driven movements (i.e. the third and fourth terms of Eqn 3). Diffusion is characterised by a diffusion parameter D, whereas advection is characterised by the two current velocity parameters (u, v) which describe the eastwest and north-south current movement. The partial differential equation (Eqn 3) was solved numerically using the implicit alternating direction method (Press et al. 1988; Sibert and Fournier 1993 ) with a daily time step. In addition, animals are assumed to migrate along the calculated gradient of habitat suitability. Thus, changes in habitat suitability in each cell, determined by ocean conditions, lead to changes in the species' carrying capacity, population growth, net migration, and thus, relative abundance in each cell (Cheung et al. 2008b (Cheung et al. , 2009 .
Using data from the National Oceanographic and Atmospheric Administration (NOAA) Geophysical Fluid Dynamic Laboratory (GFDL) atmosphere-ocean coupled model (CM) 2.1 and the Commonwealth Scientific and Industrial Research Organisation (CSIRO)'s Ocean Forecasting Australia Model (OFAM) (Fig. 1) , we simulated changes in relative abundance of the 30 focal species by 2055 relative to year 2005. The model is driven by changes in ocean conditions and advection fields from projection from two classes of models. First, we used projections from OFAM developed by CSIRO (Sun et al. 2012) . This model provides high-resolution (10 km) dynamically downscaled predicted ocean conditions for climatological ocean conditions for the 1990s and 2060s forced with the CSIRO Mk3.5 climate model (bias-corrected) under the SRES A1B scenario (CO 2 concentration is stabilised at 720 ppm by 2100). We re-gridded the model outputs into 30 0 latitude Â 30 0 longitude cells. Moreover, since time-series ocean condition data were needed, we assumed that the physical parameters change linearly from the means of 1994-2004 to 2062-2064 . In addition, we used projections from the NOAA/GFDL CM 2.1 (Delworth et al. 2006) . Projected physical variables include sea temperature, salinity and advection under different climate change scenarios from 2000 to 2060. In addition to projections under the SRES A1B from both models, we used the scenario with CO 2 concentration stabilised at 2000 level (360 ppm). We re-gridded the original data onto a 30 0 latitude Â 30 0 longitude grid using a bilinear interpolation method. This study focused on coastal and shelf of Western Australian waters because most of the 30 species considered here are coastal, at least in part of their life history. However, the NOAA/GFDL CM2.1 resolves the topography and dynamics of the coastal shelf poorly because of its relatively coarse resolution. Thus, the bottom temperature projected for the Western Australia coast from the model may not be representative, so we tested the sensitivity of our model outputs by running the model using sea surface temperature from the NOAA/GFDL instead of bottom temperature.
Using the projected changes in species distributions, we estimated the rate of species' distribution expansion and contraction and turnover in waters adjacent to the coast of Western Australia. Here, rates of species' species gain (or invasion) and loss (or local extinction) were measured, for each cell, by the number of species newly occurring in or disappearing from the cells relative to its original distribution, respectively. Also, we calculated the rate of species turnover, represented by the total number of newly occurring and disappearing species in each cell. Additionally, we calculated the rate of shift in distribution, measured by the latitudinal, longitudinal and depth movement of the centroid of the species distribution within the Exclusive Economic Zones of Australia. For each species, the distribution centroid (DC) was calculated by:
where L i and Abd i are the latitudinal or longitudinal coordinates or mean depth of a cell, and species' relative abundance at the centre of cell i respectively. Then, n is the total number of cells within the Australian Exclusive Economic Zone. We examined shift in assemblage structure in the Western Australian region by calculating a 'tropicalisation index' representing the change in the assemblage of tropical (TP), subtropical (STP) and temperate (TEM) species in each cell. Species are categorised as TP, STP or TEM according to FishBase (as above) and SeaLifeBase (as above) (Table 1) . We defined an arbitrary threshold of 'observable' change in relative abundance as 30% increase or decrease relative to the original value in the cell. If a cell was not occupied by the species initially, but was occupied later because of distribution shift, we included this as an 'observable' change as well. Each initially occurring species had a score of 1, 0.5 and À1 for TP, STP and TEMP respectively. An 'observable' increase in relative abundance led to a doubling of the scores whereas a decrease turned the score to 0. For example, initial occurrence of redthroat emperor (Lethrinus miniatus), as a tropical species, in a given area will have a score of 1. If the relative abundance of redthroat emperor in that area is projected to increase over 30%, the score will be increased to 2. In contrast, if its relative abundance is reduced by 30% or more, the score became 0. The tropicalisation index is the sum of the scores for all occurring species in each time step (year). Thus, assemblages with a higher tropicalisation index are more tropical than assemblages with lower or negative tropicalisation index. We calculated the tropicalisation index for eight locations across longitude along the coast of Western Australia.
Results
Projected change in species distribution
Under the SRES A1B scenario projected from the CSIRO/ OFAM, the majority of species were projected to shift southward and to deeper water (see Fig. S1 , available as Supplementary Material to this paper). Around 80% of the distribution centroids of the focal species in Western Australia were projected to shift southward towards higher latitude (Figs 2, 3) . The median rate of distribution shift is around 96 km southward by 2055 relative to 2005 (10-year average) or around 19 km decade À1 towards the high-latitude region. In contrast, 20% of the species showed no distribution shift or shifted towards lower latitudes (north). Moreover, the model projected the depth-centroid of the distribution of demersal species (N ¼ 24) to shift at a rate of 9 m decade À1 . Besides latitudinal shift, distributional centroids were projected to shift eastward under the higher greenhouse gas emission scenario ( Fig. 3; Table 1 ). Distributions were projected to shift by over 144 km eastward (or 29 km decade The magnitude of distribution shift varied substantially between different sets of oceanographic projections. Under the SRES A1B scenario, the rates of species range shift calculated from simulations forced by outputs from the NOAA/GFDL CM2.1 (using sea bottom temperature for demersal species) were considerably lower (13 km decade À1 ) than those projected using outputs from the CSIRO/OFAM, largely due to the fact that the global coupled model does not resolve the continental shelf well. When only SST was used, the rates of range shift more than doubled compared to those projected using outputs from CSIRO/OFAM (Fig. 2) . With a lower-range climate change scenario (stabilisation of CO 2 concentration at year 2000 level) and applying SST instead of sea bottom temperature, the projected range shift is small (Fig. 2d ).
Changes in species richness
As a result of the distribution shifts, our model projected a higher frequency of species gains and losses along the south coast and north coast of Western Australia, respectively (Fig. 4) . Under the SRES A1B scenario, species gains were projected to be more extensive in the south coast, in the area east of Albany. Moreover, species gains were mainly in areas further away from the coast. In contrast, species losses were projected to be highest in the north coast, in the area between Port Hedland and the Kimberly, and concentrated along the coast. Overall, the pattern of species turnover was higher in the south coast of Western Australia, followed by the west coast.
Change in species assemblages
Projections from the CSIRO/OFAM (SRES A1B) resulted in slight decreases in the tropicalisation index in locations along the north coast (A, B and C) and considerable increases along the south-east (D and E) and south coast (F-H) (Fig. 5 ). There was a latitudinal gradient (from A to H) of the initial tropicalisation index, which ranged from positive in the north to negative in the south. In the north coast (Stations A and B), the tropicalisation index decreased from 10 to 9, suggesting an 'observable' decrease in tropical species assemblages that are included in this study. Station C, dominated initially by tropical species (index of 10), did not exhibit many observable changes in the number of tropical or temperate species. Along the south-west and south coast (D-H), all stations were projected to have observable increases in tropical species or decreases in temperate species. The stations with the largest increase in the tropicalisation index occurred along the south coast (F-H). Projected changes in the tropicalisation index using outputs from the NOAA/GFDL CM2.1 showed similar trends to the index calculated from using the CSIRO/OFAM model, although the magnitude of changes varied considerably depending on whether sea surface or bottom temperatures were used (under the same emission scenario). When sea bottom temperature for the NOAA/GFDL model was used, changes in tropicalisation index were consistently smaller relative to those calculated from CSIRO/OFAM, except in station H. However, when sea surface temperature from the NOAA/GFDL model was used, the model projected greater community changes than those derived from CSIRO/OFAM or NOAA/GFDL based on sea bottom temperature.
Discussion
Robustness of the future projections
Our results support our hypothesis that substantial shifts in the exploited species assemblage along the coast of Western Australia would occur by 2055, resulting in the 'tropicalisation' of the subtropical and temperate parts of the zones, with 'tropicalisation' referring to the increased dominance of tropical species in the assemblage. Our results also agree with previous global or regional model projections and observations on shifts in species distribution (Perry et al. 2005; Cheung et al. 2009 Cheung et al. , 2011a Hobday 2010) . For example, the observed poleward range extension of the sea urchin Centrostephanus rodgersii from mainland Australia to Tasmania is suggested to reflect climate change (Ling et al. 2009 ). This study suggests that such changes in the distribution of major commercial species are likely to be observed in the Western Australia region in the next 10-20 years. This is also consistent with recent observations suggesting that fish species that are normally restricted to the north coast of Western Australia now occur further south, which may be related to increases in sea temperature (Langlois et al. in press) . The distribution of western rock lobster in the region is also shown to have shifted to deeper waters (Caputi et al. 2010) . Although variations in projected changes in ocean conditions may affect the predicted species distribution shift, we obtained similar patterns of change in species distributions using the two oceanographic models with different resolution. However, their magnitude is sensitive to the physical variables. The CSIRO/ OFAM is a regional downscaling model, and has higher resolution in its predictions, designed to better represent coastal and continental shelf dynamics of Western Australia. In contrast, the NOAA/GFDL coupled model has coarse resolution and is poor in its representation of coastal and shelf dynamics and the bottom topography of the Western Australia coast. For instance, this model predicts colder sea bottom temperature with smaller degree of changes in the coastal cells compared to the outputs from CSIRO/OFAM. This contributes to the difference in magnitude of the projected changes when the same environmental variables from both models were used. This highlights the potential limitations of using IPCC-class global circulation model to assess regional changes in marine ecosystems, particularly in coastal and shelf waters and the need to use better spatially resolved climate and oceanographic projections (e.g. regional oceanographic models) in regional assessments (Stock et al. 2011) .
Long-term (decadal) records of the focal species in the regions would be useful to test the accuracy of the model. The modelling approach attempts to capture key physiological preferences and population dynamics that affect species distribution. However, it did not consider factors such as biogeochemistry of the seas (e.g. pH, oxygen content) and species interactions, which are important factors affecting species distributions (Guisan and Thuiller 2005; Pörtner and Farrell 2008; Pauly 2010) . Also, some species may adapt to changing ocean conditions. For example, it is suggested that some level of adaptation to increased temperature may largely reduce the impacts of coral bleaching caused by ocean warming on coral reefs (Donner 2009; Pandolfi et al. 2011) . Evidence from studies of terrestrial animals suggests that species may adapt to climate change by favouring individuals that have greater dispersal ability (Thomas et al. 2001) . Some fishes are able to acclimatise to increased temperature (Hutchinson and Maness 1979; Donelson et al. 2009 ), although the long-term effects on the organisms and populations are uncertain. In either case, the degree of adaptation to the changing ocean conditions would depend on the generation time of the species and the diversity of life history traits and environmental tolerance in the existing gene pool. Currently, we have little empirical knowledge of the rate of adaptation to climate change in fish and shellfish, which limits incorporating this factor into our model. Our projections are also based on the prediction of one particular IPCC greenhouse emission scenario. However, it is likely that we are heading towards a higher range climate change scenario (Rogelj et al. 2009 ). Thus, our results may be considered conservative. In addition, the uncertainties of the CSIRO/ OFAM downscaling products due to its uncoupled nature have not been fully assessed. There have been observations of significant multi-decadal natural climate variability of the tropical Pacific affecting wind stresses, the Leeuwin Current, sea levels and other related physical conditions of the ocean , which have not been taken into account in our model simulation. Thus, our projections are more representative of the long-term (multi-decadal average) trends whereas shorter-term projections are more uncertain because of the potential confounding effects of climate variability that are not accounted for in our analysis.
Overall, projections in this study may be considered as a set of null hypotheses that should be tested with future data and observed changes in the recent past. It also highlights the potential responses of marine communities to climate change impacts. Such information is important in designing monitoring programs to detect climate change effects on marine ecosystems.
Implications of 'tropicalisation' of marine communities
The findings from this study contribute to addressing some major questions on managing marine biodiversity and fisheries resources under climate change. These questions include: What are the implications for the biodiversity and the goods and services from marine ecosystems? How should we develop conservation and fisheries management policies that are adaptive to climate change? How should we monitor changes in species distribution and community structure in the future?
The projected changes in species distributions and community structure may have substantial ecological implications. The turnover of species in each area may have consequences for food web and biodiversity. For example, the distribution extension of predatory species may increase the predation mortality of some prey species or competition with other predatory species in the area (Harley 2011) . Although our understanding of the potential trophic interactions implied by different species' distribution is limited, evidence from elsewhere suggests that such ecological impacts could be large. For example, the northward expansion of the distribution of predatory squid, Humboldt squid (Dosidicus gigas), may have led to the reduction of groundfish species such as Pacific hake (Merluccius productus) (Zeidberg and Robison 2007) . The explosion of jellyfish populations have been suggested to greatly reduce recruitment of commercially important fish species as their larvae are preyed on by the jellyfish (Purcell 1985; Brodeur et al. 2002) . Moreover, climate change induced changes in distribution and abundance of predators may result in unexpected changes in species distributions, community structure and diversity of prey species (Harley 2011) . These observations provide a preview of the potential ecological impacts of shifts in species distributions. Moreover, in areas with high rates of local extinction (e.g. the north coast of Australia), organisms that are dependent on these locally extinct species may be affected. It is uncertain whether the ecological niches that these species leave behind will be filled by other species that are not included in our study.
Shifts in the distributions of commercially important species will also likely affect fishing activities (Sumaila et al. 2011) . Some commercially valuable species may shift their distributions to more remote areas in southern Australia, where existing fishing effort is relatively low because of the remoteness of the coast and distance from ports. In contrast, negative impacts are likely to occur on fisheries in the northern tropical region of the Western Australia coast as species shift southward, although some species may move into existing fishing grounds, creating new opportunities for the fishing industry. Overall, change in distribution area and primary productivity will likely lead to re-distribution of potential catch (Cheung et al. 2008a (Cheung et al. , 2009 (Cheung et al. , 2011a Brown et al. 2010) and this redistribution needs to be reflected in spatial management arrangement.
Fisheries management and conservation planning should be adaptive to climate change. Given the likely changes in species distribution, abundance and potential fisheries production, fisheries and conservation policies may become less effective in the future. Specifically, in Western Australia, zoning of the marine environment determines access for individual licence holders and catch is controlled through either input or output controls (Fletcher and Santoro 2010) . The projected changes in species distributions may significantly change the resources available to fishers within a given zone, and distort the relationship between the amount of effort that can be supported by the resource (e.g. the demersal gill-net fishery) or the proportion of the resource allocated to quota (e.g. abalone). Effective ecosystem-based management of fisheries that recognises climate change will require reconsideration of zoning and controls and will be partly dependent on the projected and observed species' responses to climate change.
One of the basic approaches to manage fisheries and conserve biodiversity in the region under climate change is to increase the adaptive capacity of the marine ecosystems and fisheries. Generally, depleted populations and stressed marine organisms are more vulnerable to impacts from environmental changes (Griffith et al. 2011) . Similarly, fisheries that under-perform economically are less adaptive to changes (Sumaila et al. 2011) . Thus, climate change would further raise the urgency to ensure sustainable management of fisheries and marine ecosystems. Moreover, instead of assuming that the ocean is relatively stable, multiple long-term scenarios of ocean changes should be considered in designing new policies or reviewing existing management measures, and proactively increasing ocean resiliency through, for instance, the establishment of marine protected area (McLeod et al. 2009 ).
On monitoring future changes
The results from this study will be useful in adapting and designing existing and future monitoring program to collect data that could be used to test the hypotheses of climate change impacts on marine species and communities in Western Australia (Cheung et al. 2011b) . First, predictions of regionally relevant locations where organisms are most sensitive to climate change can direct decisions with respect to the location of monitoring programs. In this study, we suggest that communities most sensitive to climate change impacts are along the north and south coasts of Western Australia. Such locations should provide an early warning of changes in marine assemblages and, by incorporating a multispecies response, they should be the first locations to signal change in an otherwise notoriously noisy environment.
Second, species that are predicted to be strongly responsive to climate change can be identified as key indicators for longterm monitoring across a range of sites. In general, pelagic fishes are projected to show the greatest shifts in distributions because of the higher rate of predicted change in ocean conditions in the surface ocean layer and the higher mobility of these species. In contrast, benthic invertebrates and deeper water fishes which are less mobile and which may experience a lower rate of changes of their physical environment may have a much slower rate of distribution shift (Caputi et al. 2010) . A subset of the most sensitive species with different climatic associations (temperature, subtropical and temperate) and in different habitats (pelagic, coastal and deep water demersal) should be included in the monitoring program. Currently, in Western Australia, the identification of indicator species is linked to fisheries value or is an outcome of broadscale regional sampling programs such as those using stereo-baited remote video systems (Harvey et al. 2007) . The sensitive areas and species can inform the future design of such monitoring programs to study marine climate change impacts in the regions.
Third, projections of differential responses of a wide range of exploited species to climate change help determine directional changes of community level indicators for fisheries management. Climate change confounds the expected responses of these indicators to management or changes in fisheries. Projections of changes in relative abundance and distribution of species assemblages can be taken into account to improve the interpretation of these indicators in reflecting the status, pressure, and responses of ecosystems. In addition, establishing or using existing no-take marine reserves within these locations would further allow the disentanglement of the effects of climate change and fishing on marine communities (Cheung et al. 2011b ).
Conclusions
Our study shows that Western Australia coast, which extends from tropical to temperate zones, may experience a 'tropicalisation' of the marine community in the future under a businessas-usual climate change scenario. Such 'tropicalisation' is caused by the generally southward shift of species distributions around Australia. The projected changes from our model agree with large-scale projections and observations elsewhere. Such changes in species assemblages may have major ecological and socio-economic implications through unexpected trophic effects and shift in fishing grounds. The model projections provide sets of alternative hypotheses for future studies to test. It also helps identify area and species that are most sensitive to marine climate change in the region. Such information is useful for designing monitoring programs for climate change effects on marine species in Western Australia.
